
Summary

Hot spots and hot moments as sites respectively
times with extraordinary high reaction rates and
losses of greenhouse gas emissions. In this paper, I
discuss why and where are hot spots at different
spatial scales, then I highlight their importance and
finally I present some ideas how to quantify hot
spots.

Definition and concept

Hot spots are areas (or patches) that show dispro-
portionately high reaction rates relative to the
surrounding area (or matrix) (McClain et al.;
2003). The concept can apply to either one or
several biogeochemical reactions. However, hot
spot reactions are often limited because one reac-
tant is unstable in the dominant biogeochemical
environment, or because the reaction only
proceeds under particular/specific conditions (for
example anoxia). From a mechanistic standpoint,
hot spots are sites where individual ingredients
(reactants) for specific biogeochemical reactions
coincide (Figure 1).With respect to greenhouse gas
emissions, hot spots are patches that (1) have a
high and continuing supply of reactants and that
(2) have favorable conditions for the production of
greenhouse gases. For instance, in the case of N2O
emissions, hot spots are sites under partially anoxic
conditions having a high supply in microbially
available C and NO3

- (NO3
--rich groundwater

entering a C-rich riparian zone).
While hot spots are sites with extraordinary high

reaction rates, hot moments are short periods of
time that show disproportionately high reaction
rates relative to longer intervening time periods
(McClain et al., 2003). Extraordinary high N2O

losses at thawing or snowmelt are a typical hot
moment where the major fluxes of the annual
greenhouse gas emissions occur within a very short
period (Papen & Butterbach-Bahl, 1999). Hot
spots and moments may occur separately, but they
may also overlap when high reaction rates occur
for short periods of time specific locations. If hot
spot reactions are dominant processes in certain
environments, then their spatial frequency distri-
butions are highly skewed (Parkin, 1987). This
implies that (1) the processes and fluxes of a whole
area are determined by a small fraction of it, (2)
that important sites and time periods can easily be
missed and (3) that as a consequence, the uncer-
tainties associated with measurements are high.
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Figure 1:
Schematic illustrations for hot spot formation: (a)
complementary reactants are mixing or (b) reactant
B is transported into a patch containing reactant A
(from McClain et al., 2003).



The hot-spot concept can also be applied to the
effects of disturbances on greenhouse gas emis-
sions. Perturbation can turn areas with formerly low
emissions into hot-spots by making reactants avail-
able or changing the environmental conditions. For
instance, drainage can turn peatlands into large CO2
sources through aeration which improves the
formerly hampered conditions for decomposition
(Martikainen et al., 1993). Similarly, thawing of
permafrost soils exposes formerly ‘protected’ soil
organic matter making significant amounts of labile
carbon available to soil microorganisms.

Hot-spots where are they?

Hot spots have been investigated at different spatial
scales reaching from single aggregates (Parkin,
1987), soil profiles (Bundt et al., 2001a), fields
(Stöver et al., 1999) to landscapes (Sommer et al.,
2004; Mitchell & Branfireun, 2005, Sommer, 2006).
These studies suggest that conditions for hot spots
often occur at interfaces where aerobic change into
anaerobic conditions and where reactants are
continuously supplied to maintain high processing
rates. These conditions are met at different spatial
scales reaching from aggregates with anoxic
microsites to landscapes with interfaces between
upland and peatland areas. A review by McClain et

al. (2003) suggests that hot spots are often associ-
ated with hydrological flowpaths, where a
constantly high supply with reactant is provided.
Denitrification is a good example how hot spots

are linked to interfaces and water flow. The factors
controlling denitrification rates are carbon and
NO3

- supply and anoxia. Appropriate conditions
for the formation of denitrification hot spots are
found at oxic-anoxic interfaces crossed by a
continual water flow. Oxic conditions are needed
for NO3

- production by nitrification, denitrifica-
tion requires anoxic conditions, and water serves as
the transport medium. The underlying physiolog-
ical basis for denitrification remains the same irre-
spective of the scale of analysis. On the soil profile
scale hot spots for N2O are patches of organic
materials that are supplied with nitrate (Hojberg et
al., 1994). On the landscape scale, riparian zones
are hot spots for denitrification, because NO3

-

from upland areas flows and reacts in a C rich
partly anoxic environment (Martin et al., 2004).

Preferential flow paths - hot spots in soils

The linkage of hydrological flow paths and biogeo-
chemical processes has been shown for Swiss forest
soils, where so-called preferential flow paths were
identified as hot-spots for C and N cycling (Hage-
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Figure 2:
Flow patterns in soils emerging after the addition of brilliant blue. Contents of microbial biomass and soil
organic matter in the blue-colored flow paths and in the non-colored soil matrix (from Bundt et al., 2001;
Hagedorn & Bundt, 2002).



dorn et al., 1999; Bundt et al., 2001). In a sprinkling
experiment, a color-dye, brilliant-blue was first
applied homogenously onto the soil surface. Then,
soils were sampled from the blue-colored flow
paths and analyzed for their bio-chemical proper-
ties (Figure 2).
Soils from the flow paths were clearly enriched in

soil organic matter, microbial biomass and in DNA
(Bundt et al., 2001; Hagedorn & Bundt, 2002),
indicating that predominant water flow pathways
were also sites with an increased microbial activity.
This conclusion agrees with a field study, in which
50 micro suction cups, each with a surface area of
12 mm2, were installed in a regular grid in the
uppermost 5 cm of a subalpine Gleysol (Hagedorn
et al., 1999). Based on the response of micro
suction cups to a brilliant blue dye tracer addition,
the individual micro cups were assigned to domi-
nant flow paths or to the soil matrix. The sites

along flow paths had significantly higher NO3
-

concentrations. In contrast to the ‘slowly’
responding cups of the soil matrix, the temporal
NO3

- dynamics in flow paths closely matched
denitrification, which suggests that sites along flow
paths were also hot spots for N cycling and gaseous
N losses. This clearly fits into the hot spot concept
where hot spots are located at the interface between
oxic and anoxic conditions and at sites that hav a
continuous high supply with reactants.

Riparian Zones - hot spots at the landscape level

Riparian zones are wetlands at the transition
between upland and aquatic environments which
have a strong gradient in redox potentials (Mitchell
& Branfireun, 2005). These landscape-level inter-
faces between oxic and anoxic conditions are often
highly supplied with C and with NO3

- from
ground- and surface waters, which makes them to
hot spots for N2O, CH4, and DOC (Martin et al.,
2004; Jones & Mulholland, 1998, Sommer, 2006).
Attempts to scale up by relating denitrification to
the presence of riparian wetlands at the scale of 10-
100-km2 catchments have been largely unsuc-
cessful (Burt et al., 1988; Osborne and Wiley 1988;
Tufford et al. 1998). At this scale, the arrangement
of the wetlands relative to the flowpaths is the most
critical metric (Creed & Band, 1998; Basnyat et al.,
1999); it is not captured by total amount of
riparian wetland present, but rather is best charac-
terized by length and time of contact between
upland and wetland.

Boundary and transient ecosystems as hot spots
and hot moments

The requirements for hot spots suggest that they
are rather at the boundary of and at transitions
between different soil forms and in temporarily
changing ecosystems. On a temporal scale,
Martikainen et al. (1993) observed that drained but
not undrained peatland were high emitters for
N2O. Also, Jungkunst et al. (2004) found that
Histosols with a high water-table emitted low
amounts of N2O, while Histosols with lower water
tables, and thus, peatlands in transition were hot-
spots for N2O. In an agricultural landscape in
Southern Germany, Sommer (2006) showed that
soil erosion on the past had transported available
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Figure 3:
Sites along flow paths very likely play a key role in
N transformation. Nitrate dynamics in flow paths, a
small fraction of the total soil volume, coincide with
denitrification and NO3

- leaching from a greater
area (data from Hagedorn et al., 1999).



soil organic matter into wet depressions which led
to small fringes of very high CH4 fluxes.
How other well-aerated boundary ecosystems

can become hot spots for GHG is not so evident.
Pertubance, for instance through clearcutting
forests and cultivation induces high CO2 losses
within short-time (Guo & Gifford, 2002). Climate
change induced vegetation change might also turn
ecosystems into hot-spots. In treelines ecotones of
high altitude and latitudes, environmental condi-
tions are also changing within short distance and
these systems are strongly influenced by the
current changes in climate and land use. In addi-
tion, soils of cold regions store also large amounts
of labile organic matter (Sjögersten et al., 2003),
and hence, they may potentially loose high
amounts of soil C. However, so far it is uncertain if
this labile C is respired to the atmosphere under
changing conditions as an increased loss might be
compensated by increased C inputs into these soils.

How to quantify hot-spots?

Inventories used for the reporting of C stocks are
usually based on a sampling on a regular grid (e.g.
Perruchoud et al., 2000) as they are often linked to
forest inventories. Hot spots emit, however, large
quantities of greenhouse gas emissions on a small
area. For instance, Glatzel & Bareth (2006) esti-
mated that 93% of the CH4 emissions in the grass-
land-dominated Allgäu region in Southern
Germany were emitted from fens and swamps
covering only 9% of the area. It is obvious that a
regular grid-sampling that are usually carried out

on a coarse scale (some km) would introduce a
high uncertainty in the estimates of GHG fluxes
since the chances to hit small hot-spots are rather
small. Alternatively, GHG emissions at the land-
scape scale could be estimated through a GIS-aided
mapping of landforms with known emissions rates
(e.g. Corre et al., 1999; Glatzel & Bareth, 2006).
Here, the main problems arise from (1) the
mapping-scale, and (2) emission rates remain
often unknown.
(1) For a catchment in the Black forest,

Jungkunst et al. (2004) and Fiedler et al. (2005)
demonstrated that the mapping scale plays a
crucial role for the overall flux balance. For the
reporting of GHG emission, the catchment would
have been mapped as a well-aerated forest soil
being a N2O and a CH4-sink. However, a hot spot,
a Fibric Histosol covering only 2.3% of the total
area switched the area from a CH4-sink to a CH4-
source of about 6.2 kg CH4-C ha

-1y-1 (Fiedler et al.,
2005). Also, not considering the poorly aerated
soils would have been underestimated N2O emis-
sions by 50% (Jungkunst et al., 2004). The authors
concluded that a soil-form map would clearly
improve regional estimates of GHG emissions.
(2) Most often emission rates for certain landform

are unknown and GHG fluxes have to be inferred
from other regions. In a GIS-based upscaling
approach for the grassland-dominated Allgäu
region, Glatzel & Bareth (2006) have estimated CH4
emission either using regional estimates or a global
data set. The comparison indicated that the two esti-
mates differed by a factor of two to three with the
greatest uncertainty arising from the CH4-fluxes
from the hot-spots in the wetlands.
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Figure 4:
Hot-spots occur at interfaces between oxic and anoxic condition with a high supply of reactants at different
spatial scales.



Open research questions

(1) How stable in space and time are hot spots and
hot moments?

(2) How to scale-up and how to account for them?
(3) Which greenhouse gases are determined by hot

spot reactions? Hot spots are most often re-
ported for greenhouse gases requiring anoxia.

(4) Does climatic and land use change induce hot
spots and hot moments?

Concluding remarks

Hot spots for GHG emission occur at different
spatial scale reaching from small aggregates to land-
scape and they are rather the rule than the excep-
tion. A hot spot requires favorable conditions for
the production of GHG and a continuous high
supply with reactants. These conditions are often
met at the interface between oxic and anoxic condi-
tions and along hydrological flow paths. Distur-
bances (e.g. wind throw, peatland drainage) can
create conditions for hot spots and/or hot moments
leading to extraordinary high GHG losses. If
climate change turns soils of temperature-sensitive
ecosystems into GHG hot spots is so far not known
and very likely difficult to generalize. Hot spots
typically have highly skewed frequency distribu-
tions - thus, it is likely that they are often classified
as outliers and removed from many data sets. Hot
spots are typically at the margin or in transient
ecosystems. Since soil scientists are often seeking for
homogeneous and steady-state conditions, hot
spots and hot moments are often missed, and there-
fore, GHG emission are often underestimated. In
summary, hot spots and hot moments are causing
high uncertainties in GHG budgets - scaling up in
space and time is and will be a challenge.
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